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ABSTRACT
We report the discovery of a new ultra-short period hot Jupiter from the Next
Generation Transit Survey. NGTS-6b orbits its star with a period of 21.17 h, and
has a mass and radius of 1.330+0.024−0.028MJ and 1.271
+0.197
−0.188RJ respectively, returning a
planetary bulk density of 0.711+0.214−0.136 g cm
−3. Conforming to the currently known small
population of ultra-short period hot Jupiters, the planet appears to orbit a metal-rich
star ([Fe/H]= +0.11 ± 0.09 dex). Photoevaporation models suggest the planet should
have lost 5% of its gaseous atmosphere over the course of the 9.6 Gyrs of evolution
of the system. NGTS-6b adds to the small, but growing list of ultra-short period gas
giant planets, and will help us to understand the dominant formation and evolutionary
mechanisms that govern this population.
Key words: Planetary systems – Planets and satellites:detection – Planets and
satellites:gaseous planets
? E-mail: jose.vines@ug.uchile.cl
1 INTRODUCTION
Over the last few years, ultra-short period (USP) plan-
ets have emerged as an important sub-population of plan-
© 2019 The Authors
ar
X
iv
:1
90
4.
07
99
7v
3 
 [a
str
o-
ph
.E
P]
  9
 Se
p 2
01
9
2 J. I. Vines
ets, characterized solely by their proximity to the host star
(Porb < 1 day). The majority of the population have been
detected by space-based instruments, particularly CoRoT
(CoRot Team 2016) and Kepler (Borucki et al. 2010), due to
the tendency of the population to heavily favour small physi-
cal sizes and masses, and therefore large densities (Charpinet
et al. 2011; Pepe et al. 2013; Guenther et al. 2017; Santerne
et al. 2018; Crida et al. 2018; Espinoza et al. 2019).
Ground-based radial velocity programs have found it
difficult to detect these systems, since large-scale and high-
cadence data sets are scarce, whereas the operational me-
chanics of photometric surveys allow for the detection of
these systems. Also, the formation mechanism seems to
favour small planets, and therefore both the radial-velocity
and transit signals are also small, making them harder to de-
tect. However, on the plus side, other biases work in favour
of these methods, since the radial-velocity amplitude for a
given star-planet systems increases with decreasing orbiting
period, and the probability of transits rises, as well as the
frequency of transits. In fact, although small USP super-
Earths (Rp ≤ 2R⊕) are more common than larger planets
by a factor of 5 (Winn et al. 2018), a number have been
detected from ground-based photometric surveys and con-
firmed by radial-velocity measurements, with the majority
of this small sample being hot Jupiters (HJs; Southworth
et al. 2009, 2015; Penev et al. 2016; Oberst et al. 2017).
The population in between these two extremes of hot super-
Earths and HJs have remained fairly elusive.
Models of the population of USP planets employ either
photoevaporation or Roche Lobe overflow of a migrating
more massive planet, which strips the planet of its gaseous
envelope (Valsecchi et al. 2014; Jackson et al. 2016). The mi-
gration occurs either as disk migration (Mandell et al. 2007;
Terquem 2014) or by dynamical interactions (Fabrycky &
Tremaine 2007). In situ formation has also been invoked to
describe the population (Chiang & Laughlin 2013). The first
USP HJ, WASP-19b (Hebb et al. 2010), has led to a deeper
understanding of these models since a lack of explanation
of why it has not lost the majority of its gaseous envelope
provides strong constraints on the history of its dynamical
evolution (Essick & Weinberg 2015). Subsequent and forth-
coming discoveries of USP HJ planets are providing critical
constraints on the formation and evolution of close-in plan-
ets.
The Next Generation Transit Survey (NGTS; Chazelas
et al. 2012; Wheatley et al. 2013; McCormac et al. 2017;
Wheatley et al. 2018) has now been fully operational for
over two years, announcing the discovery of 5 new planets
(Bayliss et al. 2018; Raynard et al. 2018; Gu¨nther et al. 2018;
West et al. 2018; Eigmu¨ller et al. 2019), which include a
dense sub-Neptune (NGTS-4b), a sub-Jovian planet (NGTS-
5b), a giant planet transiting an M dwarf star (NGTS-1b),
and some new HJs (NGTS-2b, NGTS-3Ab). The dense sam-
pling of NGTS fields over long observing seasons, combined
with the high precision of individual images (∼0.001 mag-
nitudes for a 1 hour baseline on stars brighter than I=14
during dark time or I=13 in full moon nights), allows the de-
tection of not only smaller transiting planets, but also those
with very short periods. In this work, we report the discov-
ery of a new USP HJ, NGTS-6b, orbiting the star NGTS-6.
The paper is organised as follows; in § 2 we describe the
NGTS observations that led to the discovery, with follow-up
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Figure 1. Light curve of NGTS photometry for NGTS-6 phase
folded to the planets orbital period. The grey circles show the pho-
tometry observations binned to 10 minute cadence and the figure
is zoomed to highlight the transit. The solid blue line and blue
shaded regions represent the median, 1, 2, 3σ confidence levels,
respectively, of the best posterior model. Bottom: The residuals
of the fit in ppm.
photometry from SAAO discussed in § 2.3 and the follow-
up spectroscopy from FEROS and CORALIE discussed in
§ 2.4. We analyse the nature of the star in § 3 and discuss
the modeling in § 4. Our conclusions are highlighted in § 5.
2 OBSERVATIONS
2.1 NGTS Photometry
The NGTS is a ground-based wide-field transit survey lo-
cated at the ESO Paranal Observatory in Chile, monitoring
stars with I < 16 (Wheatley et al. 2018). It obtains full-
frame images from twelve independent telescopes, each with
a field of view of 8 square degrees, at 13 s cadence. The tele-
scopes have apertures of 20 cm and observe at a bandpass
of 520-890 nm. They have a total instantaneous field of view
of 96 square degrees. A total of 213,549 10s exposures of the
field containing NGTS-6 were taken between the nights of
16th of August 2017 and the 23rd of March 2018.
The NGTS data were processed using the NGTS
pipeline (Wheatley et al. 2018). Aperture photometry based
on the CASUtools (Irwin et al. 2004) software package was
used to generate the light curve using an aperture of 3 pixels,
with 5 arcseconds per pixel. To remove the most dominant
systematic effects the SysRem algorithm (Tamuz et al. 2005)
has been utilized. Finally, using ORION, our own implemen-
tation of the BLS algorithm (Kova´cs et al. 2002), a transit
signal with a period of 0.882055 d for the star NGTS-6b was
discovered. We show the transit in the NGTS phase folded
light curve with the corresponding model and confidence re-
gion (see Section 4.2 for details) in Figure 1.
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Figure 2. Phase folded TESS photometry. Horizontal errorbars
show the 30 minute cadence of the observations. The solid blue
line is the best fit for the photometry and the blue shaded regions
represent the 1, 2, 3σ confidence levels. Bottom: The residuals of
the fit in ppm.
2.2 TESS Photometry
The Transiting Exoplanet Survey Satellite (TESS) is a
NASA-sponsored Astrophysics Explorer-class mission that
is performing a wide-field survey to search for planets tran-
siting bright stars (Ricker et al. 2015). It has four 24 × 24◦
field of view cameras with four 2k×2k CCDs each, with a
pixel scale of 21 arcseconds per pixel and a bandpass of 600-
1000 nm. Using the TESSCut tool 1 we checked for available
data in the TESS full frame images. NTGS-6b was observed
by TESS in Sector 5 using CCD 2 of Camera 2. Between
November 15th and December 11th 2018 1196 images with
a typical cadence of 30 minutes were obtained. Using a small
2x2 pixel aperture to minimize contamination, we performed
aperture photometry on the target. Long term trends visi-
ble in the data were removed using a moving median filter.
The single transit events are directly visible in the TESS
data, although with the long cadence and short transit du-
ration, not well sampled. In Fig. 2 the phase folded TESS
light curve is shown.
2.3 SAAO Photometric Follow Up
Three transit light curves were obtained with the 1.0-m Eliz-
abeth telescope at the South African Astronomical Obser-
vatory (SAAO) and one of the SHOC frame-transfer CCD
cameras, “SHOC’n’awe” (Coppejans et al. 2013). The tran-
sits were collected on 2018 October 7 in V band (240 ×
60 second exposures), and on 2018 November 14 and 15 in
I band (470 × 30 second and 340 × 30 s exposures respec-
tively. The scale of each pixel is 0.167 arcsec). The data
were reduced with the local SAAO SHOC pipeline, which
is driven by python scripts running iraf tasks (pyfits
and pyraf), and incorporating the usual bias and flat-field
1 https://mast.stsci.edu/tesscut
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Figure 3. Top: Phase folded SAAO photometry in the I and V
band respectively for (a) and (b). The solid blue line is the best
fit for the photometry and the blue shaded regions represent the
1, 2, 3σ confidence levels. Bottom: The residuals of the fit in ppm.
calibrations. Aperture photometry was performed using the
Starlink package autophotom.
Differential photometry was performed on each light
curve using 2 reference stars and altering the size of the
aperture to reflect the sky conditions (4px for the V band
light curve, 5px for the I band light curve on 2018 Nov 14
and 3px for the light curve obtained on the following night
when the conditions were considerably better).
We show phase folded light curves of the three SAAO
transit events in Figure 3 with their respective models and
confidence regions. The complete light curve for all instru-
ments is shown in Table 1
2.4 Spectroscopic Follow Up
We obtained multi-epoch spectroscopy for NGTS-6 with
two different fiber-fed high precision e´chelle spectrographs:
CORALIE and FEROS. Both are located at the ESO La
Silla Observatory in Chile. CORALIE is mounted on the
1.2-m Leonard Euler telescope and has a spectral resolution
of R = 60,000 (Queloz et al. 2001b). FEROS is mounted on
the 2.2-m MPG/ESO telescope with a spectral resolution of
MNRAS 000, 1–11 (2019)
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Table 1. Photometry of NGTS, SAAO I, V and TESS for NGTS-
6. The full table is available in a machine-readable format from
the online journal. A portion is shown here for guidance.
BJD Relative Flux Relative Flux INST
(-2,450,000) error
. . . . . . . . . . . .
8200.55123 1.0222 0.0169 NGTS
8200.55138 0.9660 0.0168 NGTS
8200.55153 0.9859 0.0169 NGTS
8200.55168 1.0206 0.0171 NGTS
8200.55183 0.9861 0.0169 NGTS
8399.47400 1.0049 0.0044 SAAOV
8399.47469 1.0077 0.0044 SAAOV
8399.47539 0.9974 0.0044 SAAOV
8399.47608 0.9982 0.0044 SAAOV
8399.47678 1.0014 0.0043 SAAOV
. . . . . . . . . . . .
R = 48, 000 (Kaufer et al. 1999). The spectral observations
were taken between October 23 2018 and January 8 2019 for
CORALIE and December 23 2018 and January 2 2019 for
FEROS.
The CORALIE data were reduced using the standard
data reduction pipeline (Queloz et al. 2001b) and the radial
velocities were calculated by cross-correlation with a binary
G2 mask. The first 20 orders of the spectrum were discarded
in the cross-correlation analysis as they contain little signal.
All the CORALIE spectra were also stacked to make a high
signal-to-noise spectrum for spectral analysis as presented
in Sect. 3
FEROS data were reduced with the CERES pipeline
(Brahm et al. 2017). CERES also calculates the cross-
correlation function (CCF) using the reduced FEROS spec-
tra and a binary G2 mask for each epoch and afterwards,
depending on moonlight contamination, a single or double
Gaussian is then fitted to find the radial velocity (depend-
ing on moonlight contamination). In the cases where the
single or double Gaussian fits were unsatisfactory, a 4th or-
der spline was fitted to find the radial velocity instead. The
radial velocities from CORALIE and FEROS are shown in
Table 2 along with the uncertainties and bisector velocity
span. We present a total of 21 radial velocity data points,
which constrain the orbit of the planet, 11 of which were
taken with CORALIE and 10 with FEROS.
As a first check we searched for a correlation between
the radial-velocity data and the bisector velocity span, which
was calculated using the CCFs that were constructed to
measure the velocity in the first place (see for example Boisse
et al. 2009). Any correlation between radial-velocity mea-
surements and the bisector velocity span would cast doubts
on the validity of the planet interpretation of the radial-
velocity variation (Queloz et al. 2001a). The bisector and
radial-velocities are shown in Figure 4 along with a linear
fit and a 2σ confidence region, with no correlation detected.
We calculated the Pearson r coefficient to be 0.05, which
reaffirms our claim of no significant linear correlation being
present.
19.6 19.4 19.2 19.0 18.8 18.6
RV (km s 1)
0.75
0.50
0.25
0.00
0.25
0.50
0.75
1.00
Bi
se
ct
or
 V
el
oc
ity
 S
pa
n 
(k
m
 s
1 )
8420
8430
8440
8450
8460
8470
8480
8490
JD - 2450000
Figure 4. Bisector velocity span over radial velocity measure-
ments color coded by observation time. Circles are CORALIE
and upside-down triangles are FEROS datapoints. The blue solid
line is a linear fit and the shaded region show the 2σ confidence
region. No correlation is detected.
Table 2. CORALIE and FEROS Radial Velocities for NGTS-6
BJD RV σRV BIS INST
(-2,450,000) (km s−1) (km s−1) (km s−1)
8415.71 -19.526 0.165 -0.420 CORALIE
8418.74 -18.633 0.104 -0.109 CORALIE
8454.65 -19.324 0.125 0.059 CORALIE
8472.59 -18.856 0.109 0.154 CORALIE
8472.75 -19.064 0.124 0.125 CORALIE
8475.69 -19.333 0.102 —– CORALIE
8475.79 -19.264 0.110 —– CORALIE
8481.71 -19.396 0.089 -0.411 CORALIE
8481.81 -19.494 0.102 0.335 CORALIE
8492.69 -19.019 0.086 -0.181 CORALIE
8492.73 -19.105 0.098 -0.061 CORALIE
8481.85 -19.536 0.047 0.929 FEROS
8480.75 -19.196 0.026 0.064 FEROS
8480.73 -19.033 0.022 -0.026 FEROS
8484.71 -19.189 0.016 0.050 FEROS
8478.79 -18.746 0.028 0.517 FEROS
8478.60 -19.052 0.025 0.068 FEROS
8478.81 -18.946 0.043 0.882 FEROS
8478.62 -18.874 0.026 -0.054 FEROS
8483.84 -19.103 0.026 -0.115 FEROS
8483.67 -19.434 0.017 0.002 FEROS
3 STELLAR PARAMETERS
Given the host star is relatively faint (V = 14.087), the high-
resolution echelle spectra used for the calculation of the ra-
dial velocity measurements have SNR too low for the accu-
rate measurement of the equivalent of individual absorption
lines, therefore it is not possible to obtain a constrained so-
lution from the SPECIES code (Soto & Jenkins 2018) for
the stellar bulk parameters. Therefore, we used two meth-
ods: the empirical SpecMatch tool (Yee et al. 2017) with
the combined CORALIE spectra, which given the observing
conditions have a higher SNR than the FEROS spectra, and
an SED fit of the star detailed in Sect. 3.1. The output of
the two employed methods are shown in Table 3
We finally adopt the results from the SED fitting rou-
tine for Teff , log g, and Rs, and the metallicity from the
SpecMatch tool. We used these parameters to calculate the
mass and age of the star, using the isochrones package (Mor-
MNRAS 000, 1–11 (2019)
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Table 3. Comparison of empirical SpecMatch and SED fitting
outputs
Parameter SpecMatch SED
Teff (K) 4409 ± 70 4730+44−40
log g 4.63 ± 0.12 4.7+1.1−0.7
Rs (R) 0.72 ± 0.1 0.754 ± 0.013
[Fe/H] 0.11 ± 0.09 —-
(†) Ms (M) 0.72 ± 0.08 0.767 ± 0.025
(†) Age (Gyr) 9.61 ± 0.17 9.77+0.25−0.54
distance (pc) —- 308 ± 2
AV —- 0.017 ± 0.010
In the case of SED fitting, the parameters with (†)
were calculated using the isochrones package.
ton 2015). The projected rotational velocity, vsini, was es-
timated using the SPECIES code. We combined the indi-
vidual spectra obtained with Coralie to obtain a high S/N
spectrum from the target, and created synthetic absorption
line profiles for four iron lines in the spectrum, using the
ATLAS9 model atmospheres (Castelli & Kurucz 2004) and
the atmospheric parameters previously obtained. We then
broaden the absorption lines, by adjusting the rotational
velocity, until they matched the observations. More details
about this procedure can be found in Soto & Jenkins (2018).
The obtained vsini is listed in Table 4. Thus we conclude that
NGTS-6 is an old K dwarf with an effective temperature of
4730+44−40 K, log g of 4.7
+1.1
−0.7 dex, [Fe/H] of 0.11 ± 0.09 dex, ra-
dius of 0.754 ± 0.013 R, mass of 0.767 ± 0.025 M and age
of 9.77+0.25−0.54 Gyrs. We show NGTS-6 catalogue information
and stellar parameters in Table 4.
3.1 SED Fitting and Dilution
Using Gaia DR2 we identified a neighbouring source 5.4′′
away that could be contaminating our photometry. There-
fore, in order to determine the level of dilution from this
source we performed SED fitting of both stars using the
PHOENIX v2 models (Husser et al. 2013). This was done
following a method similar to Gillen et al. (2017), by firstly
generating a grid of bandpass fluxes in Teff and log g space.
To overcome the issue of possible blending in catalogue pho-
tometry (due to the small separation of the two sources)
we fit only to the Pan-STARRS, 2MASS, Gaia and WISE
photometry for each source. We fit for the Teff , log g, radius,
distance, V band extinction AV and an uncertainty term σ
to account for underestimated catalogue uncertainties. We
have used a Gaussian prior on the distance, constrained by
the values calculated by Bailer-Jones et al. (2018) using Gaia
DR2 data. We limit the V band extinction of each source to
a maximum value of 0.032, taken from the Galactic dust red-
dening maps of Schlafly & Finkbeiner (2011). Before fitting
we verified that neither source was flagged as extended in the
catalogues used. Due to the larger size of the TESS aperture,
an extra source 15.9′′ was identified as possibly contribut-
ing light. Consequently, we also performed SED fitting on
this source and included it for the TESS dilution value only.
To sample the posterior parameter space for each source we
used emcee (Foreman-Mackey et al. 2013) to create a Markov
Chain Monte Carlo (MCMC) process for our fitting. In this
process we used 100 walkers for 50,000 steps and discarded
Figure 5. Top: The best fitting PHOENIX v2 SED model, ob-
tained from fitting to unblended Pan-STARRS, Gaia, 2MASS and
WISE photometry. The cyan and red points indicate the catalogue
and synthetic photometry respectively. The horizontal error bars
indicate the spectral coverage of each band. Bottom: Residuals of
the synthetic photometry, normalised to the catalogue errors.
the first 10,000 as a burn in. The best fitting SED model
for NGTS-6 is shown in Fig. 5 and the values are given in
Tab. 4.
To estimate the level of dilution in each bandpass we
convolved the SED model for each star with the specified
filter, taking the ratio of the measured synthetic fluxes as
the dilution value. In order to sample the full range of di-
lutions and thus provide an informative prior we draw our
SED models directly from the posterior distribution for each
star The calculated dilutions are DNGTS = 0.056 ± 0.002,
DSAAOV = 0.025 ± 0.002, DSAAOI = 0.085 ± 0.003 and
DTESS = 0.077 ± 0.003. With these results we generate pri-
ors for the dilution in our lightcurves, which are used in the
transit fitting.
4 DATA MODELING
4.1 Pure Radial Velocity Modelling
Firstly, a pure radial velocity search and model fit was made
using the EMPEROR algorithm (Pen˜a Rojas & Jenkins
2018). EMPEROR is a public, python-based code that is
designed to search for small signals in radial-velocity data
using Bayesian modeling techniques and MCMC tools. The
algorithm allows for correlated noise models to be incor-
porated into the modeling, in particular moving averages of
order selected by the user. The code uses the affine-invariant
emcee sampler in parallel tempering mode to efficiently sam-
ple highly multi-modal posteriors.
In order to first test if the signal was present in the data
without the use of inputs from the photometry, as a test of
MNRAS 000, 1–11 (2019)
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Figure 6. Top: The full timeseries of NGTS-6 radial velocity observations, color coded by observation time. Circles are CORALIE
datapoints and upside-down triangles are FEROS. The solid black line is the best Keplerian fit. Bottom: The residuals of the fit.
signal independence, we employed six chains with different
temperature values (β = 1.0, 0.66, 0.44, 0.29, 0.19 and 0.13).
The chain length was set to 15,000 steps and each chain
had 150 walkers in the ensemble, giving rise to a total chain
length of 13.5 million steps. A burn-in of 7,500 steps was also
used. A first-order moving average correlated noise model
was used to model the high-frequency noise in the velocity
data set, and the priors were set to be the standard priors as
explained in the EMPEROR manuscript and on the GitHub
page2. In automatic mode, EMPEROR detects the planet’s
orbital signature with a Bayes Factor value of 5, highly sig-
nificant, in the combined FEROS+CORALIE data, confirm-
ing the existence of the planet. The best fit made by EM-
PEROR is shown in Figure 6 and the phase folded curve in
Figure 7. No additional signal was detected. The best fitting
model from EMPEROR with respective uncertainties were
used as Gaussian priors to determine a global model for this
system.
4.2 Global Modeling
For the global joint photometry and radial velocity modeling
we used Juliet (Espinoza et al. 2018). Juliet is a python tool
capable of analysis of transits, radial velocities, or both. It al-
lows the analysis of multiple photometry and radial velocity
instruments at the same time using Nested Sampling, Im-
portance Nested Sampling, and Dynamic Nested Sampling
algorithms. For the transit models, Juliet uses BATMAN
(Kreidberg 2015), which has flexible options, in particular
for limb-darkening laws. The Keplerian signal model is pro-
vided by radvel (Fulton et al. 2018). Finally for our Juliet
run, given the high dimensionality of the model (29 free pa-
rameters between two radial velocity and four photometry
2 https://github.com/ReddTea/astroEMPEROR
instruments) we used Dynesty for Dynamic Nested Sampling
as it has proven to be more efficient than regular Nested
Sampling under these conditions.
The radial-velocity fit made by EMPEROR shows a low
eccentricity orbit (e < 0.01) thus for the Juliet modeling we
decided to fix the eccentricity to 0. Since we have 213, 549
NGTS photometry datapoints plus SAAO photometry in the
V and I bands and TESS photometry, fitting such a large
light curve is resource intensive, so we first binned the NGTS
data in 10 minute cadence bins and then performed the fit
with the binned data, supersampling the model light curve
to 10 minute exposure times with 30 points in each bin.
We also employed supersampling for the 30 minute TESS
observations. For the limb darkening we assumed a quadratic
law for each instrument. Using Juliet’s and the SED fitting
output and assuming a Jupiter’s Bond albedo of 0.503 (Li
et al. 2018) we calculated the equilibrium temperature of
NGTS-6b to be 1283.90+12.49−12.14 K. The parameters for the
best fit are presented in Table 5 and in Figure 8 we show a
corner plot with the main planetary parameters.
The light curves showcased in Section 2.3 show a clear
V shape transit, suggesting the system is in fact, grazing.
This introduces a strong degeneracy between the planet-to-
star radius ratio and impact parameter and can produce
extreme results (such as an extremely inflated planet). In
order to address this issue, a prior for the stellar density
constructed from the results of the SED fitting routine was
used within Juliet, which allowed us to better decorrelate
those two parameters and thus get more realistic results for
the parameters of the planet.
5 DISCUSSION AND CONCLUSION
We report the discovery of NGTS-6b, a grazing transit USP
HJ with a period of 21.17 hours, mass of 1.330+0.024−0.028MJ
MNRAS 000, 1–11 (2019)
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Figure 7. Top: NGTS-6 radial velocity measurements and model in orbital phase, color coded by obervation times. Circles are CORALIE
datapoints and upside-down triangles are FEROS. The solid black line is the fit to best orbital solution. Bottom: Residuals of the fit.
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Figure 8. Juliet posterior distributions for the main planetary
parameters. The red dashed lines are the median of each distribu-
tion and the dash-dot lines represent the 1σ confidence interval.
A correlation between the impact parameter and the planet to
star radius is expected due to the grazing nature of the system.
and radius of 1.271+0.197−0.188RJ , and the first USP HJ from the
NGTS. We analyzed the joint photometry and radial ve-
locity data using Juliet, testing its modeling abilities when
given a likely grazing transit. There are only a handful of
USP planets in the literature, of which only six are gi-
ant planets with Rp > 8 R⊕(WASP-18b, WASP-43b, WASP-
103b, HATS-18b, KELT-16b, and WASP-19b) and therefore
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Figure 9. Planetary radius against orbital period. Plotted are all
USP planets and UHJs from the well-studied transiting planets
catalog that have both measured mass and radius. The dark con-
tours and purple shading highlight the planet number density of
the sample. The green pentagon shows the position of NGTS-6b
our discovery of NGTS-6b represents a significant addition
to this extreme population. In Figures 9, 10, 11 we show that
NGTS-6b sits at the centre of the distinct clump of UHJs,
and thus adds weight to this being a distinct population.
We investigated photoevaporation of the planet, apply-
ing empirical relations from Jackson et al. (2012), linking
the ratio of the X-ray and bolometric luminosities, LX/Lbol,
with stellar age. Using the isochrones-derived age of 9.77 Gyr
yields an estimate of LX/Lbol = 1.0 × 10−5 at the cur-
rent epoch. This corresponds to an X-ray luminosity LX =
6 × 1027 erg s−1, or a flux at Earth of 5 × 10−16 erg s−1 cm−2.
Such a flux would require a very deep observation with cur-
rent generation X-ray telescopes in order to detect the star.
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Table 4. Stellar Properties for NGTS-6
Property Value Source
Astrometric Properties
R.A. 05h03m10.s90 2MASS
Dec −30◦23′57.′′6420 2MASS
2MASS I.D. 05031090-3023576 2MASS
Gaia DR2 I.D. 4875693023844840448 Gaia
TIC ID 1528696 TESS
µR.A. (mas y
−1) −6.0 ± 7.0 UCAC4
µDec. (mas y
−1) −33.5 ± 10.1 UCAC4
$ (mas) 3.215 ± 0.015 Gaia
Photometric Properties
V (mag) 14.087 ± 0.021 APASS
B (mag) 15.171 ± 0.014 APASS
g (mag) 14.639 ± 0.058 APASS
r (mag) 13.703 ± 0.032 APASS
i (mag) 13.378 ± 0.057 APASS
rP1 (mag) 13.751 ± 0.002 Pan-STARRS
zP1 (mag) 13.364 ± 0.002 Pan-STARRS
yP1 (mag) 13.250 ± 0.006 Pan-STARRS
G (mag) 13.818 ± 0.001 Gaia
BP (mag) 14.401 ± 0.003 Gaia
RP (mag) 13.113 ± 0.002 Gaia
NGTS (mag) 13.460 This work
TESS (mag) 13.070 TESS
J (mag) 12.222 ± 0.033 2MASS
H (mag) 11.767 ± 0.038 2MASS
K (mag) 11.650 ± 0.032 2MASS
W1 (mag) 11.609 ± 0.028 WISE
W2 (mag) 11.688 ± 0.029 WISE
Derived Properties
Teff (K) 4730
+44
−40 SED fitting
log g 4.7+1.1−0.7 SED fitting
[Fe/H] 0.11 ± 0.09 CORALIE spectra
vsini (km s−1) 2.851 ± 0.431 CORALIE spectra
γCORALIE (km s
−1) −19.137+0.018−0.018 Global Modelling
γFEROS (km s
−1) −19.142 ± 0.010 Global Modelling
σCORALIE (km s
−1) 0.000+0.039−0.041 Global Modelling
σFEROS (km s
−1) 0.036+0.023−0.094 Global Modelling
Ls(L) 0.256 ± 0.009 SED fitting
Ms(M) 0.767 ± 0.025 SED fitting
Rs(R) 0.754 ± 0.013 SED fitting
ρ (g cm−3) 3.9304+0.0815−0.0812 Global Modeling
Age 9.77+0.25−0.54 SED fitting
Distance (pc) 311.042 ± 1.432 Gaia
2MASS (Skrutskie et al. 2006); UCAC4 (Zacharias et al. 2013);
APASS (Henden & Munari 2014); WISE (Wright et al. 2010);
Gaia (Gaia Collaboration et al. 2016, 2018); TESS (Stassun et al. 2018)
Pan-STARRS (Tonry et al. 2012; Chambers et al. 2016)
Using the energy-limited method of estimating atmospheric
mass loss (Watson et al. 1981; Erkaev et al. 2007), our es-
timate of LX yields a mass loss rate of 1 × 1011 g s−1. By
integrating the mass loss rate across the lifetime of the star
(following the X-ray evolution described by Jackson et al.
2012) we estimate a total mass loss of about 5 per cent. This
is not enough to have significantly evolved the planet, in line
with theoretical studies of HJs (e.g. Murray-Clay et al. 2009;
Owen & Jackson 2012).
We found the host star is likely metal-rich, with a
Table 5. Planetary Properties for NGTS-6b
Property Value
P (days) 0.882059 ± 0.0000008
TC (BJD - 2450000) 7982.3784 ± 0.0003
a/R∗ 4.784+0.043−0.048
b 0.976+0.015−0.020
K (km s−1) 0.322 ± 0.008
e 0.0 (fixed)
Mp(MJ ) 1.339 ± 0.028
Rp(RJ ) 1.326
+0.097
−0.112
ρp (g cm
−3) 0.711+0.214−0.136
a (AU) 0.01677 ± 0.00032
inc (deg) 78.231+0.262−0.210
Teq (K) 1283.90
+12.49
−12.14
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Figure 10. Similar to Figure 9 except we show the planet bulk
density against orbital period.
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Figure 11. Similar to Figures 9 and 10 except here we show the
planet mass against planet radius.
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value for the iron abundance [Fe/H] of +0.11±0.09 dex.
It is well established that gas giant planets favour metal-
rich stars (Gonzalez 1997; Santos et al. 2002; Fischer &
Valenti 2005; Wang & Fischer 2015), and also short period
gas giants, including the HJ population, also appear even
more metal-enhanced when compared to their longer period
cousins (Jenkins et al. 2017; Maldonado et al. 2018). This
trend appears to continue into the USP planet population
also (Winn et al. 2017). Approximately 50% of the USP
HJ planets host stars are found to have super-solar metal-
licities ([Fe/H]≥ +0.1 dex), whereas for the smaller super-
Earth population, only 30% orbit such stars. Since the USP
HJ sample is still significantly smaller than the super-Earth
sample, NGTS-6b adds statistical weight to this finding, and
the conclusion that this points towards is that both these
populations form through core accretion processes (Mat-
suo et al. 2007), with the HJ sample forming at relatively
large separations from their host stars, and later migrat-
ing inwards either through disk driven migration (Mandell
et al. 2007; Terquem 2014) or high-eccentricity processes
like planet-planet scattering (Rasio & Ford 1996; Ford et al.
2001; Papaloizou & Terquem 2001; Ford & Rasio 2008).
In Mazeh et al. (2016) they defined the upper and lower
boundaries of the so called ”Neptune desert” region, where
it was earlier found that there exists a lack of intermedi-
ate mass planets (see Szabo´ & Kiss 2011; Lundkvist et al.
2016). Since photoevaporation does not appear to have af-
fected the evolution of NGTS-6b significantly, in line with
studies of other HJs that define the upper boundary of this
desert (Demangeon et al. 2018), the planet may have ar-
rived at its current location through high-eccentricity evo-
lution. Owen & Lai (2018) suggest that a combination of
tidal driven migration to short period orbits through dy-
namical interactions with other planetary-mass bodies in the
system, coupled with photoevaporation of planetary atmo-
spheres can readily describe this sub-Jovian boundary.
The likelihood of a planet-planet scattering evolution-
ary scenario for NGTS-6b may also be bolstered if the star
is indeed metal-rich. We can envisage that the planet core
quickly grew to a size that crossed the critical core mass
limit (Mizuno 1980), allowing significant accretion of the
surrounding gas in the disk. Yet with a metal-rich proto-
planetary disk there would be a high fraction of solids re-
maining for further planetesimals to form close enough to
the young NGTS-6b that they could interact and be scat-
tered to wider orbits, or ejected completely from the system
(Petrovich et al. 2018). Most USP planets are associated
with longer period companions (Sanchis-Ojeda et al. 2014;
Adams et al. 2017; Winn et al. 2018), where 52% ± 5% of
HJs have additional, longer period companions (Bryan et al.
2016). A concerted effort to search for additional planets fur-
ther out in the system, whilst constraining better the orbit
of NGTS-6b, may shed some light on these scenarios.
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